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1.0 SUMMARY 
T h i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of  a  program t o  demon- 
s t r a t e  t h e  f e a s i b i l i t y  o f  a low a n g l e  ( " h o r i z o n t a l n )  s i l i c o n  
r i b b o n  growth p r o c e s s .  Twenty-six e x p e r i m e n t a l  r u n s  were p e r -  
formed d u r i n g  t h e  p e r i o d  from May 9 to  S e p t e m b e ~  9 ,  1979 and 
from December 1, 1979 t o  J a n u a r y  31, 1981. Ribbons were grown 
a t  p u l l  rates  from 5 t o  68cm/min. Ribbon l e n g t h s  up t o  74cm 
were grown w h i l e  w i d t h s  v a r i e d  from 5 t o  25mm. T h i c k n e s s e s  
v a r i e d  f rom 0.6 t o  2.5mm, w i t h  t y p i c a l  v a l u e s  of  a b o u t  l m m .  
2.0 INTRODUCTION 
2 . 1  O b j e c t i v e s  
T h i s  e f f o r t  i s  a f e a s i b i l i t y  demonst . rat ion of a n o v e l  
approach  t o  s i l i c o n  r i b b o n  ( s h e e t )  growth.  P r o c e s s  f e a t u r e s  
such as  r i b b o n  w i d t h  c o n t r o l ,  l e a d i n g  e d g e  c o n t r o l ,  and " s c r a p e r "  
f u n c t i o n  a r e  t o  b e  e x p e r i m e n t a l l y  t e s t e d .  The behav io r  of  
sha l low s i l i c o n  m e l t s  and m e l t  r e p l e n i s h m e n t  c o n c e p t s  are a l s o  
t o  be  s t u d i e d .  
2.2 T e c h n i c a l  Approach 
The c r y s t a l  growth t e c h n i q u e  be ing  t e s t e d  under k n i s  
c o n t r a c t  i s  a  v a r i a t i o n  of  h o r i z o n t a l  growth.  The b a s i c  p r o c e s s  
c o n s i s t s  s imply  of  c o n t r o l l e d  f r e e z i n g  of a t h i n  l a y e r  on  t h e  
s u r f a c e  o f  t h e  m e l t  and p u l l i n g  of  t h e  s o l i d i f i e d  m a t e r i a l  more o r  
less p a r a l l e l  t o  t h e  s u r f a c e  t o  some p o i n t  of de tachment  of  t h e  
s o l i d  from t h e  m e l t .  F i g u r e  1 i l l u s t r a t e s  t h i s  p r o c e s s  sche-  
m a t i c a l l y .  Thermal f i e l d s  i n  t h e  m e l t  a r e  produced by s u i t a b l e  
means t o  promote growth a t  t h e  l e a d i n g  edge  whill~! p u l l i n g  i n  t h e  
o p p o s i t e  d i r e c t i o n .  Thus t h e  l e a d i n g  edge becomes a  c o n s t a n t l y  
renewed s e e d  f o r  f u r t h e r  growth i n  t h e  t h i c k n e s s  d i r e c t i o n ,  a t  a  
rate  Gc, as  t h e  r i b b o n  is moved a c r o s s  t h e  m e l t  s u r f a c e .  A key 
f e a t u r e  o f  h o r i z o n t a l  growth,  which p r o v i d e s  t h e  h igh  growth 
rates r e p o r t e d ,  i s  t h a t  t h e  h e a t  o f  f u s i o n  i s  l o s t  by c o n d u c t i o n  
th rough  t h e  t h i c k n e s s  of  t h e  r i b b o n  and s u b s e q u e n t  r a d i a t i o n  
f rom t h e  upper s u r f a c e  o f  t h e  s o l i d  r i b b o n .  S i m i l a r l y ,  growth may 
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o c c u r  p e r p e n d i c u l a r  t o  t h e  p u l l  a x i s  a s  i n d i c a t e d  by GL i n  t h e  
p l a n  view o f  F i g u r e  1. N o t  o n l y  must  t h e s e  v a r i o u s  growth r a t a s  
b e  c o n t r o l l e d ,  b u t  t h e  d e t a c h i s n t  of  t h e  meniscus  from t h e  r i b b o n ' s  
lower s u r f a c e  must  a l s o  be c o n t r o l l e d ,  and t h e  i n s t a b i l i t i e s  
g e n e r a t e d  by t h e r m a l  c o n v e c t i o n  c u r r a n t s  i n  a deep  m e l t  must  be  
e l i m i n a t e d ,  
F i g u r e  1 i s  r e p r e s e n t a t i v e  of  t h e  ar rangement  employed 
by J a p a n e s e  workers  who r e p o r t e d  s u c c e s s f u l  h o r i z o ~ t a l  growth of  
s i l i c o n  r i b b o n s  i n  t h e  mid-1970 IS!') D e s p i t e  t h e  d i f f i c u l t i e s  i n -  
h e r e n t  t o  t h i s  p a r t i c u l a r  approach  t o  h o r i z o n t a l  growth,  t h e y  
r e p o r t e d  r e s u l t s  ~ n d i c a t i v e  of  t h e  p o t e n t i a l  g a i n s  i n  p r o d u c t i v i t y  
r e a l i z a b l e  w i t h  t h e  b a s i c  t e c h n i q u e .  They r e p o r t e d  s i n g l e  c r y s t a l  
r i b b o n  growth a t  r a t e s  of  30 t o  dOcm/min, and maximum r a t e s  of 
85cm/min, which produced d e n d r i t i c  r i b b o n .  Values  of m o b i l i t y  o f  
m a j o r i t y  c a r r i e r s  and l i f e t i m e  were a l s o  r e p o r t e d  e q u a l  t o  
t h o s e  t y p i c a l  o f  C z o c h r a l s k i  m a t e r i a l s .  
EMCfs approach t o  c o n t r o l l e d  h o r i z o n t a l  ( l o w  a n g l e )  s h e e t  
growth i s  i l l u s t r a t e d  i n  F i g u r e s  2 and 3 ,  G r a d i e n t s  c o n t r o l l i n g  
t h e  v a r i o u s  growth r a t e s  a r e  e s t a b l i s h e d  i n  t h e  m e l t  by t h e r m a l  
impedances w i t h i n  t h e  growth t r o u g h .  The meniscus i s  de tached  
from t h e  bot tom s u r f a c e  of t h e  r i b b o n  by t h e  " s c r a p e r "  which 
p r o v i d e s  a  f a l s e  c r u c i b l e  l i p  whose t e m p e r a t u r e  c a n  b e  e f f e c t i v e l y  
m a i n t a i n e d  above t h e  m e l t i n g  p o i n t .  The e l e v a t i o n  of  t h e  s c r a p e r  
above t h e  m e l t  l e v e l  r a i s e s  t h e  meniscus  t o  p r o v i d e  i n c r e a s e d  
s t a b i l i t y  t o  t h e  r i b b o n  e d g e s .  The sha l low m e l t  i n h i b i t s  any 
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s u b s t a n t i a l  convect ive  flows which would otherwise d e s t a b i l i ~ e  
the growth processes .  Ribbon thickness  is a Euncrfcm o f  the  
bulk growth ra te ,  the  l i n e a r  p u l l  r a t e  and t h e  growth zone length ,  
Clear ly ,  p r a c t i c a l  app l i ca t ion  OF the  method requires  maintenance 
of the m e l t  l e v e l  and replenishment of  the  melt. 
TECHNICAL DZSCUSSION 
3.1 ~ x p a r i m a n  t a l  Approach 
3.1.1 Heater  Dasiqn 
The b a s i c  premise of our  approach to  low a n g l e  r ibbon 
growth i s  t h e  manipulat ion of a uniform h e a t  f low t o  t h e  
c r u c i b l e  i n  oxdor t o  produce t h e  thermal f i e l d s  i n  t h e  melt 
r e q u i r e d  f o r  c o n t r o l l e d  r ibbon growth. Thus t h e  hea t ing  
arrangements  are r e q u i r e d  t o  produce a  uniform temperature  
o v e r  a  s u b s t a n t i a l  area. 
The i n i t i a l  approach t o  t h i s  problem placed t h e  
shal low,  r s c t a n g u i a r  q u a r t z  c r u c i b l e  on a  th ick-wal led 
( 0 . 5  inch)  g r a p h i t e  suppor t  box. T h i s  box was supported 
from below, and al lowed v e r t i c a l  motion of t h e  c r u c i b l e  
through t h e  h e a t e r .  The r ec t angu la r  heatern surrounded t h e  
suppor t  box on f o u r  s i d e s  and cons i s t ed  of g r a p h i t e  rod 
hea t ing  e lements  connected a t  co rne r  p o s t s ,  and a t  each end 
t o  power f e e d  s t u d s  angled below t h e  h o r i z o n t a l  t o  a l low 
access t o  t h e  s u r f a c e  of t h e  m e l t .  We found, however, i n  
e a r l y  e x ~ e r i r n e ~ i t s  h a t  t h i s  h e a t e r  and suppor t  arrangement 
d i d  no t  supply  a  s u f f i c i e n t l y  uniform h e a t  f low t o  t h e  
c r u c i b l e .  I t  was then c l e a r  t h a t  a s t r a i g h t f o r w a r d ,  l a r g a -  
area h e a t e r ,  supplying h e a t  s o l e l y  from below t h e  growth 
, sys t em,  would prov ide  a more r ep roduc ib l e  and l o g i c a l  h e a t  
f l o w  s i t u a t i o n .  A h e a t e r  element c o n s i s t i n g  of m u l t i p l e  t h i n  
G r a f o i l  s h e e t s  was des igned  and tested. The c r u c i b l e /  
t r o u g h  was t h a n  s u p p o r t e d  W . 4 i n  above t h e  h e h t e r ,  on  a 
0.25in t h i c k  g r a p h i t e  p l a t e .  P y r o m e t r i c  measurements on 
s u c h  a  p l a t e  i n d i c a t e d  t e m p e r a t u r e  u n i f o r m i t y  of 2 5 ' ~  
o v e r  t h e  a r e a  crccupied by t h e  c r u c i b l e ,  H~aikvy (0 .5 in  t h i c k  
g r a p h i t e )  c r u c i b l e  a i d e w a l l  s u p p o r t s  on  t o p  o f  t h e  s u p p o r t  
p l a t e  t ended  t o  d i s t o r t  t h i s  uni form tempera tu re  d i s t r i b u -  
t i o n  somewhat. These  s i d e w a l l s  were g r a d u a l l y  reduced i n  
s i z e  u n t i l  f i n a l l y  t h e  c r u c i b l e  was b e i n g  p o s i t i o n e d  on t h e  
s u p p o r t  p l a t e  by f o u r  0.5 x 0.25 i n c h  s t u d s .  The a v o l u t i o n  
of t h e  I1suppor t ing"  s i d e w a l l s  t o  mere l o c a t i n g  s i n s  was 
accompanieh by improvements i n  s h i e l d i n g  and i n s u l a t i o n  of 
t h e  exposed c r u c i b l e  w a l l s  t o  m a i n t a i n  low enough t e n p e r a -  
t u r e s  t h a t  no d i s t o r t i o n  of  t h e  q u a r t z  would o c c u r .  
The t r o u g h  s u p p o r t  p l a t e  was suppor ted  from t h r e e  
i n d i v i d u a l l y  a d j u s t a b l e  (by  thumb wheels  on t h r e a d s )  r o d s  
r e a c h i n g  down th rough  t h e  f u r n a c e  c o v e r  p l a t e .  T h i s  
a r rangement  p e r m i t t e d  modest  v e r t i c a l  e x c u r s i o n s  of t h e  set- 
u p  abou t  two a x e s  i n  t h e  p l a n e  of t h e  m e l t  s u r f a c e ,  The 
a b i l i t y  t o  a d j u s t  t h e  a t t i t u d e  o f  t h e  growth sys tem appeared  
d e s i r a b l e  from e a r l y  r u n s .  Our subsequen t  e x p e r i e n c e  was 
t h a t  t h i s  c a p a b i l i t y  i s  o f  no s i g n i f i c a n t  u t i l i t y .  
3 .1.2 C r u c i b l e  Desiqn 
- 
I n i t i a l  c r u c i b l e  d e s i g n  was based on a q u a r t z  bottom 
p la te  which was machined (ground) t o  i n c o r p o r a t e  t h e  sub- 
s u r f a c e  thermal  impedance as an  i n t e g r a l  p a r t  ?f t h e  one- 
p i e c e  bottom p l a t e .  S idewa l l s  were a l s o  made of f l a t  
s t o c k ,  ground t o  provide rabbeted j o i n t s ,  and grooved t o  hold 
t h e  s t a b i l i z e r  b a r s  and sc rape r .  
Two a t t empt s  were made t o  u s e  t h e  c r u c i b l e s  as mechan- 
i c a l  assembl ies ,  held  by t h e  g r a p h i t e  r e t a i n i n g  w a l l s .  
T h i s  was n o t  s u c c e s s f u l ,  s o  subsequent c r u c i b l e s  were welded 
a long  t h e  c o r n e r s  and edges whi le  he ld  by a heated g r a p h i t e  
f i x t u r e .  
The e a r l y  c r u c i b l e s  employed a "Lincoln Log1' approach 
t o  l o c a t i n g  t h e  l ead ing  edge, l a t e r a l  edges and s c r a p e r  
w i t h  r e s p e c t  t o  each o t h e r .  These p i e c e s  i n t e r l o c k e d  and 
t h e  l ead ing  edge s t a b i l i z e r  and s c r a p e r  extended t o  f i t  
v e r t i q a l  grooves i n  t h e  s idewa l l s .  While t h i s  arrangement 
was p r e c i s e  and s t a b l e ,  our  exper ience  over  t h e  f i r s t  s e v e r a l  
r u n s  revea led  a p e r s i s t e n t  problem wi th  dewet t ing of t h e  m e l t  
from t h e  ex t ens ion  of t h e  s c rape r  and l ead ing  edge s t a b i l i z e r .  
T h i s  would tend t o  cacse  f r e e z i n g  from t h e  exposed q u a r t z .  
The des ign  evolved through a t t empt s  t o  dec rease  t h e  h e i g h t s  
o f  t h e s e  l o c a t i n g  ex t ens ions ,  t o  t h e i r  even tua l  replacement  
by s h o r t ,  t h i n  t a b s  which could be  welded t o  t h e  c r u c i b l e  
bottom. This  approach e l imina t ed  t h e  problem of dewet t ing  
a t  t h e s e  a r e a s .  
Some experiments were done w i t h  g r a p h i t e  l ead ing  edge 
s t a b i l i z e r s ,  s c r a p e r  and p l a t e a u  t o  examine t h e  behavior  of 
v e r y  s h a l l o w  melt d e p t h s  (clmm) which c o u l d  o n l y  b e  ach ieved  
- 
by use of  a m a t e r i a l  we t t ed  by s i l i c o n .  
3.1.3 "Cold Shoeu Desiqn 
A f t e r  p r e l i m i n a r y  arowth exper iments ,  d e s c r i b e d  i n  
S e c t i o n  3.2.1,  a  g a s  c o o l i n g  b l o c k ,  or " c o l d  shoe" was 
des igned  and b u i l t ,  i n  o r d e r  t o  test t h e  i n f l u e n c e  on 
growth of a d d i t i o n a l  h e a t  t r a n s f e r  from t h e  seed and r i b b c n  
i n t e r f a c e .  The i n i t i a l  shoe  was a  25mm x 25mm x 8mm OFHC 
copper  b l o c k  i n  t h e  shape  of  n t r u n c a t e d  wedge a t o p  a s q u a r e  
b a s e ,  i n v e r t e d ,  i n  u s e .  The b lock  was s u p p l i e d  w i t h  c o o l i n g  
w a t e r  by two c o a x i a l  s t a i n l e s s  steel t u b e s ,  and w i t h  g a s  
by two s t a i n l e s s  steel t u b e s  (5mm I D  x 6mm OD) a t t a c h e d  
t o  t h e  narrow f a c e s  o f  t h e  b l o c k .  The g a s  f e d  from t h e  
t u b e s  i n t o  a  d r i l l e d  h o l e  (5mm) which a c t e d  a s  a  plenum t o  
a  s l o t  approx imate ly  l m m  wide sawn i n t o  t h e  b l u n t  t i p  of 
t h e  wedge. T h i s  a r rangement  produced a s t r e a m  of hel ium 
d i r e c t e d  e s s e n t i a l l y  p e r p e n d i c u l a r l y  o n t o  t h e  s u r f a c e  of 
t h e  seed c r y s t a l .  
3 .l. 1 M e l t  L e v e l  C o n t r o l  Concepts  
- 
C o n t r o l  and main tenance  of  t h e  m e l t  d e p t h  a r e  i m p o r t a n t  
a s p e c t s  of  r i b b o n  growth by t h e  LASS p r o c e s s .  M e l t  d e p t h  
i s  a s i g n i f i c a n t  d e t e r m i n a n t  of  t h e  t e m p e r a t u r e  f i e l d  ex- 
p e r i e n c e d  by t h e  s o l i d - l i q u i d  i n t e r f a c e .  W e  do n o t  have 
any e x p e r i m e n t a l  i n d i c a t i o n s  y e t  o f  t h e  s e n s i t i v i t y  of t h e  
p r o c e s s  to  v a r i a t i o n  i n  t h e  m e l t  d e p t h .  However, w e  ex-  
p e c t  t h a t  c o n t x o l  o f  t h e  m e l t  l e v e l  on t h e  o r d e r  o f  p l u s  
or minus 0.010 i n c h e s  (0.25mm) w i l l  p robab ly  b e  adequa te .  
T h i s  i s  approx imate ly  a  2 - 3 p e r c e n t  v a r i a t i o n .  
The b a s i c  r e q u i r e m e n t  f o r  a  m e l t  r e p l e n i s h m e n t  and 
l e v e l  c o n t r o l  sys tem i s  t h a t  t h e  sys tem must m a i n t a i n  t h e  
m e l t  l e v e l  c o n s t a n t .  I n  so do ing  it must  a d j u s t  f o r  v a r y -  
i n g  r i b b o n  growth r a t e s ,  i n t e r m i t t e n t  r e p l e n i s h m e n t  and 
v a r i a t i o n s  i n  r e p l e n i s h m e n t  volume. T h i s  means t h a t  t h e  
sys tem must  b e  a b l e  t o  s e n s e  and a d j u s t  t h e  m e l t  l e v e l  
-
b o t h  n e g a t i v e l y  and p o s i t i v e l y .  
A v a r i e t y  of  m e l t  l e v e l  s e n s i n g  means a r e  a v a i l a b l e  
i n c l u d i n g  o p t i c a l ,  mechan ica l  and e l e a t r i c a l .  W e  a r e  
c o n s i d e r i n g  t h e  u s e  of a  s imple ,  coun te r -ba lanced  f l o a t i n g  
q u a r t z  cup  as t h e  pr imary  sentsing e lement .  I ts  p o s i t i o n  
would be  t r a n s m i t t e d  v i a  a  r o d  e x t e n d i n g  o u t  o f  t h e  sys tem 
where a n  o p t i c a l  or e l e c t r o - m a g n e t i c  s e n s o r  would d e t e c t  
t h e  v e r t i c a l  movement of  t h e  rod  and p r o v i d e  a n  e l e c t r i c a l  
c o n t r o l  s i g n a l .  A c t u a l  c o n t r o l  of t h e  m e l t  l e v e l  would 
be provided by a  l a r g e  q u a r t z  cup  h e l d  on a  r o d  d r i v e n  up 
o r  down by a motor and headscrew i n  r e s p o n s e  t o  t h e  s i g n a l  
from t h e  f l o a t i n g  c u p  s e n s o r .  The l a r g e  d i s p l a c e r  c u p  would 
d r i v e  down t o  compensate for lower ing  o f  t h e  m e l t  l e v e l  a s  
s i l i c o n  i s  removed by a  growing r i b b o n .  I n  a  sys tem w i t h  
i n t e r m i t t e n t  s i l i c o n  r e p l e n i s h m e n t  t h e  d i s p l a c e r  would b e  
drawn upwerds t o  m a i n t a i n  a c o n s t a n t  m e l t  l e v e l .  
3.1.5 M e l t  Replenishment  Concepts  
A l O c m  wide r i b b o n ,  0.4m ! :. :k, growing a t  IOcm/min 
3  w i l l  remove 16cm o f  s o l i d  silics:: from t h e  sys tem each  
minu te .  T h i s  w i l l  c a u s e  t h e  m e l t  l e v e l  t o  d e c r e a s e  by 
0.66mm/min, assuming a growth c r u c i b l e  15cm s q u a r e .  Thus, 
t o  m a i n t a i n  a  c o n s t a n t  m e l t  l e v e l ,  r e p l e n i s h m e n t  m a t e r i a l  
must  be a p p l i e d  a t  a r a t e  of  37gms/minute f o r  e a c h  r i b b o n ,  
i n  t h e  c a s e  of  a  m u l t i p l e  growth system. T h i s  r a t e  of  
r e p l e n i s h m e n t  w i t h  s o l i d  m a t e r i a l  w i l l  r e q u i r e  a n  energy  
input of a p p r o x i m a t e l y  2Kw/hr/ribbon, t o  provide the re- 
p l e n i s h e d  m a t e r i a l  a s  l i q u i d .  
The c h o i c e s  i n  form of  r e p l e n i s h m e n t  m a t e r i a l ,  s o l i d  
r o d ,  chunk m a t e r i a l ,  o r  p o s s i b l y  s h o t ,  d i c t a t e  t o  some 
e x t e n t  t h e  r e p l e n i s h m e n t  sys tem conf i g u r a t i o n  which m i a h t  
a d e q u a t e l y  supp ly  t h e  n e c e s s a r y  energy.  Chunk and s h o t  are 
p r o b a b l y  b e s t  f e d  t o  a  p re -mel t ing  c r u c i b l e ,  s e p a r a t e  from 
t h e  growth c r u c i b l e  t o  p r o v i d e  i s o l a t i o n  of s p l a s h i n g  
ef fects  and o x i d e  scums. The problem i n  such sys tems  i s  
to  be  a b l e  t o  r e g u l a t e  t h e  l i q u i d  f l o w  o u t  of  t h e  p r e -  
meltsr ' * ) .  Replenishment  by s o l i d  r o d  ( a s  from t h e  Seimens 
p r o c e s s )  c o u l d  b e  i n t o  a  s e p a r a t e  c r u c i b l e ( 2 ) ,  or i n t o  t h e  
main c r u c i b l e  a s  demons t ra ted  by Mobil T y c o ( 2 ) .  The lower  
volume t h r o u g h p u t  o f  t h e  EFG p r o c e s s  ( t y p i c a l l y ,  0  .9cm3/ 
min/r ibbon a t  3cm,/min f o r  l O c m  r i b b o n ,  0 . 3 m  t h i c k )  makes 
t h e  problem somewhat easier. 
3.2  Exper imenta l  R e s u l t s  -
3.2.1 I n i t i a l  Exper iments  
A t a b u l a t i o n  o f  e x p e r i m e n t a l  r u n s  i s  p r e s e n t e d  i n  
Appendix A. The x e a d e r  i s  r e f e r r e d  t o  t h i s  T a b l e  f o r  de- 
t a i l s  of t h e  e x p e r i m e n t s .  D i s c u s s i o n  c f  t h e  r e s u l t s  i s  
d i v i d e d  i n t o  two s e c t i o n s ;  t h e  f i r s t  d e a l s  w i t h  i n i t i a l  
exper iments  t o  test  t h e  b e h a v i o r  o f  sha l low m e l t s  and t h e  
f u n c t i o n i n g  of  v a r i o u s  t h e r m a l  c o n t r o l  s t r u c t u r e s  i n  
m e l t .  While  t h e  second s e c t i o n  d i s c u s s e s  exper iments  which e m -  
p loyed  a d d i t i o n a l  c o o l i n g  of  t h e  r i b b o n  growth.  The 
components which are d i s c u s s e d  h e r e i n  a r e  i l l u s t r a t e d  i n  
t h e  accompanying F i g u r e  4. 
The e a r l y  e x p e r i m e n t s  were i n t e n d e d  t o  t es t  a n  i n i t i a l  
approach t o  t h e  s e t u p  geometry and assembly ,  as w e l l  as t h e  
h e a t e r  and c r u c i b l e  s u p p o r t  a r rangement  d e s c r i b e d  i n  
S e c t i o n  3.1.1.  The "assembled" c r u c i b l e s  l e a k e d ,  s o  t h a t  
f rom t h e  t h i r d  r u n  onward, t h e  c r u c i b l e s  were welded t o -  
g e t h e r  and have proved s a t i s f a c t o r y .  The r u n s  from # 3  
th rough  #6 d e m o n s t r a t e d  a  number of a s p e c t s  o f  t h e  d e s i g n  
which were modi f i ed .  With r e f e r e n c e  t o  F i g u r e  4, t h e  e a r l y  
" L i n c c l n  Log" t y p e  s c r a p e r  and l e a d i n g  edge  s t a b i l i z e r s  
ex tended  t o  t h e  c r u c i b l e  s i d e w a l l s ,  and t h e  la teral  sta- 
b i l i z e r s  were l o c a t e d  by  n o t c h e s  i n  t h e  bot tom of  t h e  
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Latera l  S t a b i l i z e r  
t r a n s v e r s e  bars. Lack o f  w e t t i n g  over t h e  e x t e n s i o n s  o f  
t h e  s c r a p e r  and l e a d i n g  edge  a t  t o t a l  melt d e p t h s  o f  a b o u t  
8mrn l a d  to  t h e i r  r e d u c t i o n  to s i m p l e  t a b s .  We a l s o  ob- 
s e r v e d  t h a t  w e t t i n g  of t h e  s c r a p e r  on i t s  v e r t i c a l  f a c e  
was more comple te  and r e p r o d u c i b l e .   his was t e s t e d  i n  
r u n  #6 and much more uniform f i l l i n g  of t h e  growth zone 
was o b t a i n e d .  Thus t h e  s c r a p e r  o r i e n t a t i o n  i s  now a s  shown 
i n  F i g u r e  4 ,  w i t h  t h e  s l o p i n g  f a c e  o f  t h e  s c r a p e r  f a c i n g  
i n  t h e  p u l l  d i r e c t i o n .  
The n e x t  s e v e r a l  r u n s  (7-15) t e s t e d  a  v a r i e t y  of  melt 
d e p t h s  and s u b s u r f a c e  component s i z e s .  ?lumerous modif icn-  
t i o n s  were made t o  t h e  s h i e l d i n g  above t h e  c r u c i b l e .  The 
aim of t h e s e  e x p e r i m e l t s  was t o  p r o v i d e  a  the rmal  d i s t r i b u -  
t i o n  i n  which a  t e m p e r a t u r e  c l o s e  t o ,  o r  a t ,  t h e  m e l t i n g  
p o i n t  would b e  p rov ided  a c r o s s  t h e  l e a d i n g  edge r e g i o n ,  
a  s l i q h t l y  h i g h e r  t e m p e r a t u r e  would e x i s t  o v r r  t P , e  growth 
a r e a  up t o  t h e  s c r a p e r ,  and t h e  su r round ing  m e l t  would be  
s u f f i c i e n t l y  above t h e  m e l t i n g  p o i n t  t o  p r e c l u d e  spontan-  
e o u s  n u c l e a t i o n  of s o l i d  S i .  To r rovi .de  t h e s e  c o n d i t i o n s ,  
t . ' ~ e  heavy c r u c i b l e  s u p p o r t  w a l l s  were p r o g r e s s i v e l y  re- 
duced i n  t h i c k n e s s ;  t h e  h e a t e r  c o n f i g u r a t i o n  was r a d i c a l l y  
modi f i ed  i n  r u n  X l l .  P l a t e a u  a r e a s  were e n l a r g e d ,  and 
a d d i t i o n a l  t h e r m a l  r e s i s t a n c e  was p rov ided  by p l a c i n g  i n -  
s u l a t i n g  m a t e r i a l  under  t h e  c r u c i b l e  ( r u n s  1 3  and 1 4 )  i n  
t h e  p l a t e a u  r e g i o n .  The o v e r a l l  r e s u l t  of  t h e s e  many changes 
was i n s u f f i c i e n t .  We were a b l e  t o  produce  s i l i c o n  melts 
of d e p t h s  from a f r a c t i o n  of a millimeter t o  s e v e r a l  m i l l i -  
meters, and t o  seed  growth a c r o s s  *he s u r f a c e  o f  t h e  m e l t  
i n  t h e s e  a r e a s .  We c o u l d  n o t  c o n t r o l  t h e  d i r e c t i o n  of  
growth from t h e  s e e d  i n  these exper iments ,  nor  cou1.d w e  main- 
t a i n  a  s u f  f  i c i a n t  t e m p e r a t u r e  d i f  f  e r e n c o  below t h e  s u r r o u r ~ d i n g  
a r e a s  o f  t h e  m e l t  s u r f a c e  t o  p r e v e n t  n u c l e a t i o n  and f r e e z i n g -  
o u t  from v a r i o u s  exposed q u a r t z  s u r f a c e s ,  t y p i c a l l y  t h e  
s c r a p e r  o r  rear w a l l / l e a d i n g  edge  s t a b i l i z e r ,  a l l  o f  which 
provided exposed q u a r t z  s u r f a c e s  w i t h i n  t h e  m e l t .  Growth 
from a  s e e d  i n  t h e s e  exper iments  was a s  l i k e l y  to  proceed 
toward t h e  s c r a p e r  o r  s i d e  w a l l s  a s  toward t h e  l e a d i n g  edge .  
Growth r a t e s ,  when p u l l i n g  was i n i t i a t e d ,  appeared  t o  be 
v e r y  s low,  o n l y  a  few c e n t i m e t e r s  p e r  minute .  
However, t h e  pr imary  d i f f i c u l t y  encoun te red  i n  t h e s e  
exper iments  was t h a t  o f  m a i n t a i n i n g  t h e  p e r i p h e r a l  a r e a s  of 
t h e  growth c r u c i b l e  above t h e  m e l t i n g  p o i n t ,  w h i l e  producing 
a n  a r e a  a t  t h e  " l e a d i n g  edget t  of t h e  growth zone c l o s e  t o  
t h e  n ~ e l t i n g  p o i n t .  Only w i t h  t h e  a d d i t i o n  of e x t r a  c o o l i n g  
o f  t h e  seed  c r y s t a l  c o u l d  c o n t r o l l e d  growth b e  o b t a i n e d  
w i t h o u t  u n c o n t r o l l e d  f r e e z i n g  from t h e  w a l l s  o f  t h e  c r u c i b l e ,  
or t h e  s c r a p e r .  R e s u l t s  of  t h e s e  e x p e ~ ~ i m e n t s  a r e  d e s c r i b e d  
i n  t h e  n e x t  s e c t i o n .  
3 .2 .2  Exper iments  Employing A d d i t i o n a l  Cool ing  
A s i m p l e  "co ld  shoe"  was f a b r i c a t e d  a s  d e s c r i b e d  i n  
S e c t i o n  3.1.3, The purpose  of t h e  shoe  was to  p r o v i d e  a n  
a r e a  of c o o l i n g  a t  t h e  l e a d i n g  edge  o f  t h e  seed, and to  
i n i t i a t e  and m a i n t a i n  r i b b o n  growth by manipu la t ing  p u l l  
s p e e d ,  melt t e m p e r a t u r e ,  s h o e  p o s i t i o n ,  and g a s  f l o w ,  
I n i t i a l l y  a n  a t t e m p t  was made i n  r u n  18  t o  p r o v i d e  
a d d i t i o n a l  c o c l i n g  t o  t h e  seed  and c r y s t a l  i n t e r f a c e ,  A 
water-cooled  s t a i n l e s s  s teel  t u b e  (6mm O . D . ) ,  b e n t  i n  a 
squared-off  U-shape w i t h  a l e n g t h  of  a b o u t  2.5cm p a r a l l e l  
t o  t h e  m e l t ,  was i n s e r t e d  from t h e  t o p  of t h e  f u r n a c e  and 
p o s i t i o n e d  w i t h i n  a few millimeters of  t h e  i n t e r f a c e .  
Seeding and growth a t t e m p t s  i n d i c a t e d  l i t t l e  p o s i t i v e  
e f f e c t  of  t h i s  c r u d e  d e v i c e .  I n  r u n  20, a f t e r  modifying t h e  
c o l d  shoe  t o  improve t h e  impingement of t h e  H e  s t r e a m  on 
t h e  l e a d i n g  edge  a r e a ,  t h e  f i r s t  d i r e c t e d  r i b b o n  growth was 
ach ieved .  One of  t h e  r i b b o n s  grown t h e n  i s  shown i n  F i g u r e  5 
(1-101-20-2) . 
I n  s u b s e q u e n t  r u n s  ( 2 1  t o  26) u s e  of t h e  c o l d  shoe  
n a d e  it p o s s i b l e  t o  grow r i b b o n  w i t h  good r e p r o d u c i b i l i t y ;  
however, f r e e z i n g - o u t  from t h e  s c r a p e r  and r e a r  w a l l  of t h e  
c r u c i b l e  w a s  a p e r s i s t e n t  p r o b l e c ,  t e r m i n a t i n g  r i b b o n  p u l l s  
more o f t e n  t h a n  n o t .  I n  t h e  l a s t  few r u n s  r i b b o n s  were 
grown i n  75mm by 120mm c r u c i b l e s  w i t h o ~ t  any s u b s t r u c t u r e  
o t h e r  t h a n  a s c r a p e r ,  and from l a r g e r  c r u c i b l e s .  These 
r u n s  seemed t o  d e m o n s t r a t e  t h e  dominant  i n f l u e n c e  o f  t h e  c o l d  
s h o e  on t h e  growth p r o c e s s .  
Figure  5 
S i l i c o n  Ribbons Grown by t h e  Low Anglr. S i l i c o n  Sheet  
Growth Process a t  Rates  o f  2.4 tc 25cm/min. 
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Purpose I Setup 
T e s t  Mo shims t o  hold cru- 
c i b l e  w a l l s  together .  
Tes t  quar tz  c r u c i b l e  assem- 
b ly  with g raph i t e  support  
box and "post-and-railn 
heater. 
"Lincoln logn substrue- 
t u r e s  r a b e t t e d  c r u c i b l e  
w a l l s .  
T e s t  c r u c i b l e  with welded 
j o i n t s  and f i l l i n g / w e t t i n g  
behavior. 
T e s t  modified sh ie ld ing .  
Same subs t ruc tu res  a s  
previous runs.  
T e s t  f i l l i n g / w e t t i n g  be- 
havior and seeding/growth. 
I Same as hun 4. 
Welded c r u c i b l e  0.325in. 
scraper ,  0.125in. plateau,  
M e l t  leaked front c r u c i b l e  
during melting and f i l -  
l i n g ,  
T e s t  reversed scraper  and 
sh ie ld ing  of scraper .  
Apparent leaking l e d  to  
shutdown, No a c t u a l  leak- 
0.325in. scraper;  0.157in- 
plateau;  0.260in- lateral 
s t a b i l i z e r s ,  
Achieved f i l l i n g  of a l l  b u t  
two areas i n  c ruc ib le ,  Lost 
m e l t  by wicking i n t o  insuln- 
t ion .  Welded j o i n t s  succ5ss  
f u l l  . 
F i l l e d  c r u c i b l e  success- 
f u l l y .  Modified sh ie ld ing  
t o  provide more uniform 
temperatures, Flooding to  
i n s u l a t i o n  terminated run. 
Freezing £rum scraper to 
seed, Wetting d i f f i c u l t i e s  
a t  s c r a p e r / l a t e r a l  stabil- 
i z e r  j o i n t s ,  
Scraper func t ion  improved. 
No seeded growth achieved, 
Freezing from scraper and 
r e a r  w a l l ,  
Appendix A Cont8d. 
I Setup I Resul t s  Bate 
Ju ly  16 Same scraper  and s t a b i l -  
i z e r s  ,125j.n. p la teau ,  
leading edge s t a b i l i z e r  
0,380in. 
F r e e z i ~ l g  from leading edge 
s t a b i l i z e r  when attempting 
t o  seed. 
J u l y  24 
J u l y  25 
1-101-8 I ~ e s t  deeper m e l t ,  sh ie ld ing  
I modif icat ions,  and inf luence  of removing impedances, 
Scraper 0,46in,, lateral 
s t a b i l i z e r s  0.360in,. 
No lzadicg  edge o r  p la teau .  
Freezing from sc raper  and 
r e a r  wall ,  Power supply 
shorted ending run, 
M e l t  over  p la teau  seemed 
cooler ,  still troubled 
wi th  f reez ing  f r m  scraper 
and w a l l s ,  
Scraper O.Q7in,, p l a t eau  
0,250in., leading edge 
0.390in., l a t e r a l  sta- 
b i l i z e r s  0,400ii1, 
1-101-9 
I 1-101-10 T e s t  of higher plateau/lead- 
ing edge (shallower m e l t  
depth) . 
T e s t  g r a p h i t e  leading edge 
and p la teau ,  
N o  improvement i n  freezing-  
o u t  of sites o u t s i d e  
S;me scraper  and l a t e r a l  
' s t a b i l i z e r s  , Pla teau  
G - 4  20in,, Leading edge 
0,460in. 
J u l y  3 G  
growth area, 
Scraper 0,44Oin,, lateral 
s t a b j . l i z e r s  0.40in., 
p la teau  O,420in,, leading 
edge .44@irr. 
S t i l l  f r eez ing  from 
scraper ,  Support broke, 
s p i l l i n g  S i ,  ending run. 
August 3 est new hea te r  and support  
wi th  g r e a t e r  m e l t  
over g r a p h i t e  sub- 
Freezing to scraper  during 
seeding attempts.  Cru- 
cible cracked ending run. 
August 7 
August 8 
Same component dimensions 
a s  previous run,  
1-101-12 
Same as previous runs ,  No 
lateral  s t abLl ize r s ,  
R e p e a t  of Run-11 wi th  in-  
s u l a t i o n  under c- : ~ c i b l e  a t  
plateau.  
Graf o i l  under p la teau  
region. Growth from seed 
laterally and towards 
est enlarged g r a p h i t e  
a rea .  Two p la teaus  
I - scraper .  Freezing o u t  still from scraper, 
11-101-14 I R e ~ e a t  est  of double  la- August 10 Pla teaus  0,40in,, l eading  
edge 0,44in,, s c rape r  and 
lateral s t a b i l i z e r s  0.44in. 
Moly and 1/8in, graphite 
fe l t  under double p la teau ,  
S a a e  short growth obtaimdr 
3-5- x lm* Arcing sf 
heater connect ioas  termin- 
aked run,  
I with g r e a t e r  melt- 
ep ths  . 
- P w W  
OF POOR QUAUTY 
Appendix A Cont'd, 
- 
D a t e  
-- 
August 15  
August 17 
August 20 
I 
/ August 3 1  
j Sept. 6 
I Sept ,  12 
Run 
-
1-101-15 
1-1-1-16 
1-101-17 
1-101-18 
1-101-19 
1-101-20 
1-101-21 
1-101-22 
I Purpose I T e s t  of stepped he igh t  p la-  teau  with deeper o v e r a l l  I m e l t ,  
T e s t  of shallow m e l t  i n  a l l -  
g r a p h i t e  set-up. 
Repeat of previous run, 
1 Setup 
Scraper 0. S20in,, laterz 1 
s t a b i l i z e r s  0.44in,, -=a- 
teau  0,44in, f r o n t ,  0.46in. 
r e a r ,  
Scraper O.:L7in., p l a t eau  
0. l l i n . ,  leading edge 
0.145in. Planned melt 
depth 0.16-0,17in, 
Same as run  16. 
I T e s t  of g r a p h i t e  components Same as run 16, he ld  i n  a u a r t z  c r u c i b l e  and I 
lof water-cooled c h i l l  tube. I 
T e s t  of g raph i t e  c r u c i b l e  I Scraper 0,325in,, double with grooved t t o  prevent  p la teau  0,275in,, leading 
sp i l l -over ,  ar,d water-cooled edge 0.30in. No l a t e r a l  
g a s  cold shoe, I s t a b i l i z e r s ,  
T e s t  of co ld  shoe with 
g r a p h i t e  crucible/set-up. 
I T e s t  of co ld  shoe. I Same as run  21 
Scraper 0.280in,, p l a t eau  
0,20in,, leading edge 
0,21Oin,, no lateral 
s t a b i l i z e r s .  
T e s t  of g r a p h i t e  set-up wi th  
H e  co ld  shoe, 
I 
Resu l t s  
Scraper 0.325in., p l a t eau  
0,15Oin,, leading edge 
0,175in,, no lateral sta- 
b i l i z e r s .  
Freezing o u t  from scraper 
and rear w a l l  still in- 
t e r £  eres with growth- 
Crucib le  support  broke 
s p i l l i n g  Si, ending run, 
S i l i c o n  wetted across t o p  
of c r u c i b l e  w a l l ,  attacked 
No suppor t  s t r a p  e d b g  
run. 
Freezing from scraper and 
s i d e  wal l s ,  N o  effect  of 
c h i l l  tube,  
Freezing £ram walls ard 
r e a r ,  Growth frow seed 
with  H e  cooling, freezing 
down t o  p la teau ,  
Ribbons g r m  wi th  H e  cool- 
ing  a t  ~14&min I 2  and 
19ctg/long, Sp i l l -over  
a t  f r c n t  w a l l  ended run. 
Ribbons grown a t  23 and 
up to  60an/zain 9 and 
1%- long.  
Ribbons grown a t  speeds of 
2O~cwJmin wi th  H e  cooling, 
Lengths of 6, 10, 13cn, 
widths 7-25m, 
Appendix A Cont'd. 
D a  tn  
Nov. 27 
Dec. 4 
Jan. 25 
Run 
-
1-101-23 
1-101-24 
1-101-25 
1-101-26 
Purpose 
T e s t  of qua r t z  c r u c i b l e  and 
cold  shoe. 
I T e s t  sf quar tz  c r u c i b l e  with- o u t  subsu-face components. 
T e s t  of 4"x6" cxucible  with 
subs t ruc tures .  
I Repeat of previous run. 
Setup 
;=raper 0.34in., p la teau  
0.124in. No l a t e r a l  
s t a b i l i z e r s .  
Scraper 0.34in. No o the r  
components. 
Scraper 0.34in., p la teau  
0.125in., laterzl sta- 
b i l i z e r s  0.17 5in. 
I A l l  dimensions same, except lateral s t a b i l i z e r s  
0.20in. 
Results  
G r e w  four  r ibbons >60m 
long z 2cm wide at speeds 
of 15-25cm/min. 
G r e w  ribbons 50 and 73- 
long, -12 and 20cm/mln. 
Cold shoe pushed Ho s h i e l d  
i n t o  m e l t  ending run. 
Ribbons LO-40cm long grown 
a t  speeds 25-30Wmin. 
Problems of f reez ing  to 
scraper  o r  from back w a l l  
of c ruc ib le ,  
Very d i f f i c u l t  t o  g r o w  
more than 15-20cm due +n 
f r eez ing  . 
6.2 Appendix B 
-
Economic P r o j e c t i o n s  
The f o l l o w i n g  p a g e  is a n  IPEG c a l c u l a t i o n  o f  add-on 
c o s t  f o r  S i  s h e e t  p r o d u c t i o n  by t h e  LASS p r o c e s s  which  was p r e -  
s e n t e d  a t  t h e  1 5 t h  LSA P r o j e c t  I n t e g r a t i o n  M e e t i n g ,  A p r i l  1 9 8 0 .  
A more r e c e n t  March 1982 ,  u s i n g  cost d a t a  
2  f rom c u r r e n t  e q u i p m e n t ,  i n d i c a t e s  a n  add-on cost of $12.38,/m . 
T a b l e  6 . 2 . 1  p r e s e n t s  t h e  b a s e  case r e s u l t s  of t h i s  a n a l y s i s .  
The b a s e  case d a t a  are g i v e n  i n  T a b l e  6 .2 .2 .  
LSA PROJECT 
LARGE AREA SILICON SHEET 
COST PROJECTlONS ( t 1980) SAM1 CS/ I  PEG 
m: 5 CM WIDTH x 25 CM/ MIN - 10 RIBBONS/MACHINE/OPERATOR - 
3  SHIFT/^ DAY WEEK - LABOR RATE : f 8 / t i ~  - 
OVERHEAD: l O O X  - SET UP COSTS: $ 5 O J 0 C ~ / Y R  - 
U T I L I T I E S :  $ ~ ~ , O G ~ / Y R  - DEPRECIATION: $ 4 0 , 0 ~ 0 / ~ R  (5 y ~ ,  s.L.) 
TOTAL SAEET COST : $18.70/~2 ( $ l 0 / ~ ~ ; 1 5  M I L )  
P r i c e  E s t i m a t i o n  R e s u l t s  Using B a s e  C a s e  Data 
P r o d u c t i o n  Rate 
2 P r o d u c t i o n  Q u a n t i t y  p e r  r u n  (m ) 349 .92  
2  P r o d u c i i o n  Q u a n t i t y  p e r  y e a r  (m ) 34 ,992 .00  
C o s t  P a r a m e t e r s  and  Coef f i c i s n t s  
P a r a m e t e r  
Equ ipmen t  ( $  ) 
A r z a  ( f t 2 )  
D i r e c t  L a b o r  ( $ )  
Materials ( $ 1  
U t i l i t i e s  ( $ 1  
Q u a n t i t y  C o e f f i c i e n t  
R e c u i r e d  Annua l  Revenue 
Annua l  M a n u f a c t u r i n g  C o s t  (ASI1C) ( $ / y e a r )  4 3 3 , 1 4 5  
Add-On P r i c e  E s t i m a t e  and  Its Breakdown 
P a r a m e t e r  
-*- $/m2 - % 
Equ ipmen t  1 .629  13 .  2  
A r e a  .4 67 3 .8  
D i r e c t  L a b o r  2 .745 22 .2  
Materials  6 .302  50.9 
U t i l i t i e s  1 . 2 3 5  1 0 . 0  
T o t a l  P r i c e  12 .378  100 .00  
Table 6 .2 .2  
Base Case I n p u t  Data  for  t h e  Add-On P r i c e  E s t i m a t i o n  Using IPEG 
P r o d u c t i o n  
Ribbon Width (cm) 
Growth Rate (cm/min) 
Run L e n g t h  ( h r s )  
Number of Ribbon p e r  F u r n a c e  
F u r n a c e s  p e r  P r o d u c t i o n  U n i t  
F u r n a c e s  p e r  O p e r a t o r  
t 
P r o c e s s  Y i e l d  
Duty C y c l e  
Runs p e r  Year 
Equipment  
F u r n a c e  ( $  e a c h )  
Equipment  L i f e t i m e  ( y r s )  
A r e a  
-
2 Area fo r  One F u r n a c e  U n i t  (f t ) 
Direct Labor  
F r i n g e  B e n e f i t s  I n c l u d e d  
Labor  P a y  R a t e  ( $ / h r )  
Number of F u r n a c e s  P e r  Opera t o r  
T a b l e  6 . 2 . 2  ( c o n t . )  
M a t e r i a l s  
F u r n a c e  I n s u l a t i o n  ( $ / f u r n a c e )  
I n s u l a t i o n  L i f  etirne ( r u n s )  
E l e c t r o d e  P a r t s  
E l e c t r o d e  P a r t s  L i f e t i m e  
H e a t i n g  E lemen t s  ( $ / f u r n a c e )  
H e a t i n g  E l e m e n t s  L i f e t i m e  ( r u n s )  
C r u c i b l e s  ( $  f u r n a c e )  
C r u c i b l e  L i f e t i m e  ( r u n s )  
3 Argon ( $ / l o o f t  ) 
Argon F low R a t e  ( f  t 3 / h r )  
3 Helium ( $ / l o o f t  ) 
3  Helium F low R a t e  ( f t  / h r )  
M e l t - I n  C r u c i b l e  ( $ / f u r n a c e )  
M e l t - I n  C r u c i b l e  L i f e t i m e  ( r u n s )  
Ho ld ing  F i x t u r e  
Ho ld ing  F i x t u r e  L i f e t i m e  ( r u n s )  
U t i l i t i e s  
F u r n a c e  Power Consumpt ion  (KwH/f u r n a c e )  
E l e c t r i c  Power R a t e  
